Undifferentiated and differentiated HL-60 leukemic cells possess nucleotide receptors which functionally couple to phospholipase C via pertussis toxin-sensitive guanine nucleotidebinding proteins (G-proteins). We investigated the role of extracellular nucleotides in the regulation of p-glucuronidase release in HL-60 cells. In dibutyryl cyclic AMP (Bt2CAMP)-differentiated HL-60 cells, the chemotactic peptide, N-formyl-L-methionyl-L-leucyl-Lphenylalanine (fMet-Leu-Phe), the phosphorothioate analogue of ATP, adenosine 5'-0- (III) Specific signal transduction components for exocytosis are expressed during myeloid differentiation which are apparently different from G-proteins, phospholipase C, protein kinase C, and the Ca 2+ -mobilizing system. (IV) Exocytosis and superoxide formation are independently regulated.
These findings prompted us to study P-glucuronidase release, O2" formation and aggregation in HL-60 cells. We report that fMet-Leu-Phe, purine, and pyrimidine nucleotides induce exocytosis in Bt2cAMP-differentiated HL-60 cells. The effects of fMet-Leu-Phe show a greater pertussis toxinsensitivity than those of nucleotides. Undifferentiated HL-60 cells do not release P-glucuronidase. We characterize the interaction of fMet-Leu-Phe, ATP[yS], PMA, and CB on exocytosis and O2" formation and show that both cell functions are independently regulated.
Materials and Methods

Materials
Uridine 5'-0-[2-thio]diphosphate (UDP[0SJ) was kindly provided by Dr. R ECKSTEIN (Max-PIanck-Institut fur experimentelle Medizin, Abteilung Chemie, Gdttingen, FRG). Pertussis toxin was a gift of Dr. M. YAJIMA (Kyoto, Japan). Phorbol didecanoate (PDD) was purchased from Sigma Chemie (Taufkirchen, FRG). A stock solution of PDD (1 mg/ml) was prepared in dimethyl sulfoxide and was stored at -20 °C. Fura-2 acetoxy-methylester (Fura-2/ AM) was purchased from Boehringer Mannheim (Mannheim, FRG). A stock solution of Fura-2/AM (2 mM) was prepared in dimethyl sulfoxide and was stored at -20 °C. All cell culture media were obtained from Biochrom (Berlin, FRG). Sources of other materials have been described elsewhere (6, 7, 22, 25, 26) .
Cell culture
HL-60 cells were grown in suspension culture in RPMI-1640 medium supplemented with 10% (y/v) horse serum, 1 % (v/v) non-essential amino acids, 2 mM L-glutamine, 50 U/ml penicillin and 50 ng/ml streptomycin in a humidified atmosphere with 7% CO2 at 37 °C. To mduce differentiation, HL-60 cells were seeded at IO 6 cells/ml and were cultured for 48 h with 0.2 mM Bt2cAMP (27, 28) . Pappenheim-stained smears showed that Bt2cAMP-differentiated HL-60 cells consisted of more than 98 % myelocytes or cells beyond this stage. Undifferentiated HL-60 cells consisted of more than 95 % promyelocytes (data not shown).
Pertussis toxin treatment of Bt2cAMP-differentiated HL-60 cells
Differentiation of HL-60 cells was induced as described above. After 24 h of incubation with Bt2cAMP, pertussis toxin (500 ng/ml) or its vehicle (control) were added to the cell cultures. Cells were incubated for an additional period of 24 h. Thereafter, functional studies with HL-60 cells or preparation of HL-60 membranes were performed. In agreement with a recent report (29) , we found that long-term incubation of HL-60 cells with pertussis toxin did neither affect cell viability nor Bt2cAMP-induced differentiation (data not shown).
Measurement of cytosolic Ca 2+ concentration
Cytosolic Ca 2+ was determined with the dye, Fura-2/AM (30) , according to the protocol described in Reference 23 with modifications. Briefly, HL-60 cells were suspended at IO 7 cells/ ml in a buffer consisting of (mM) 138 NaCl, 6 KCl, 1 MgSO4, 1.1 CaCl2, 0.1 EGTA, 1 Na2HPO4, 5 NaHCO3, 5.5 glucose, and 20 Hepes/NaOH, pH 7.4, supplemented with 0.1 % bovine serum albumin (w/v). Fura-2/AM was added at a concentration of 4 JiM and cells were incubated for 10 min at 37 0 C Thereafter, cells were diluted with the above buffer to a concentration of 5 XlO 6 cells/ml and were incubated for a period of 50 min at 37 0 C Subsequently, cells were diluted with the above buffer to a final concentration of 0.5 X IO 6 cells/ml and were centrifuged at 250 x g for 10 min at 20 °C. Cells were suspended at 5 x IO 6 cells/ml in the above buffer and were kept at 20 0 C until measurement of cytosolic Ca 2+ . HL-60 cells (2.5 x IO 6 cells) were suspended in 2 ml of the above buffer using acryl fluorescence cuvettes (Sarstedt, Numbrecht, FRG). Fluorescence was determined at 37 0 C under constant stirring of the cells at IO 3 rpm, using a Ratio II™ spectrofluorometer (Aminco, Silver Spring, Maryland, USA). Cells were incubated for 3 min prior to the addition of stimuli. The excitation wavelength was 340 nm, the emission wavelength was 500 nm. Fluorescence signals were calibrated after lysis of the cells with 0.1 % Triton X-100 (w/v) (maximal fluorescence) and subsequent addition of 20 mM EGTA (minimal fluorescence). Peak cytosolic Ca 2+ was calculated according to equation 6 given in Reference 30. Autofluorescence of HL-60 cells was determined by loading the cells with dimethyl sulfoxide instead of Fura-2/AM.
Assay for ^-glucuronidase release
HL-60 cells (0.5-1.0 XlO 7 Bt2cAMP-differentiated cells or 1.0-1.5 x IO 7 undifferentiated cells) were suspended in 500 ul of a buffer consisting of (mM) 138 NaCI, 6 KCl, 1 MgCl2, 1 CaCl2, 5.5 glucose, and 20 Hepes/NaOH, pH 7.4, and were incubated for 5 min at 37 0 C in the absence or presence of CB (5 ug/ml) prior to the addition of stimuli. Unless stated otherwise, reactions were terminated after 10 min by placing the tubes onto melting ice. Reaction mixtures were centrifuged at 250 Xg for 10 min at 4 0 C The determinations of 0-glucuronidase and lactate dehydrogenase activities of the supernatant fluids of the reaction mixtures were performed as described (31) . The release of lactate dehydrogenase and p~ glucuronidase (in % of total cellular content) was calculated. None of the agents studied caused cell damage as revealed by the release of lacute dehydrogenase and trypan blue dye exclusion. In undifferentiated and Bt2cAMP-differentiated HL-60 cells, the release of lactate dehydrogenase generally amounted to < 5.0 % (data not shown).
Assay for superoxide formation
O2" formation was monitored by continuous measurement of ferricytochrome C reduction inhibitable by superoxide dismutase using a Uvikon 810 dual-beam spectrophotometer (Kontron, Eching, FRG) (28, 32) . Reaction mixtures (0.5 ml) contained 2.5 x IO 6 Bt2cAMP-differentiated HL-60 cells, 100 uM ferricytochrome C and the buffer used for the determination of P-glucuronidase release. Reaction mixtures were incubated for 5 min at 37 0 C in the absence or presence of CB (5 ug/ml) prior to the addition of stimuli. Vmax of O2 formation was calculated (28, 32) .
Aggregation of HL-60 cells
Aggregation was measured by turbidometry (6, 33) . Bt2cAMP-differentiated HL-60 cells (IxiO 7 cells) were suspended in 900 ul of the buffer used for the determination of Pglucuronidase release. Cells were incubated for 5 min at 37 0 C in the presence of CB (5 ug/ml) Prior to the addition of stimuli. Aggregation experiments were carried out under constant stirring of cells at IO 3 rpm, using a Uvikon 810 dual-beam spectrophotometer.
Preparation of HL-60 membranes and determination of protein
Membranes from Bt2cAMP-differentiated HL-60 cells treated with pertussis toxin or its vehicle were prepared as described (34) . Protein determination was performed according to LOWRY et al. (35) .
f 32 P]ADP-ribosylation of HL-60 membranes and gel electrophoresis
Pertussis toxin-catalyzed f 2 P]ADP-ribosylation of HL-60 membranes was performed as described (25, 26, 36) . Briefly, preactivated pertussis toxin was diluted with dilution buffer to a final concentration of 1.7 ug/ml. Control samples received dilution buffer without toxin. The final NAD concentration was 1 uM with 75 kBq [ 32 P]NAD/assay tube (60 ul). Incubations ^ere conducted for 30 min at 30 0 C Prior to electrophoresis, proteins were precipitated by acetone. The precipitates were washed with trichloroacetic acid and subsequently with methanol/chloroform (1:2, v/v).
Sodium dodecyl sulfate polyacrylamide gel electrophoresis was performed according to LAEMMLI (37) . Fifty ug of membrane protein were loaded/lane. Autoradiography of dried polyacrylamide gels was performed as described (25) . Gels were cut on the basis of autoradiographs, and radioactivity incorporated into gel bands corresponding to 40-41 kDa proteins, presumably representing the a-subunits of Gl2 and Gi3 (38) , was determined by liquid scintillation counting. Table 2 ).
Results
Cytosolic
The effect of pertussis toxin on Ca 2+ mobilization induced by fMet-LeuPhe, ATPfyS], and UTP at similarly effective concentrations was evaluated (Table 3 ). Pertussis toxin was without effect on basal cytosolic Ca 2+ in HL-60 cells and inhibited the increase in cytosolic Ca 2+ by fMet-Leu-Phe by about 85%. In contrast, the stimulatory effects of ATP[yS] and UTP on . 
The effect of various nucleotides on P-glucuronidase release was measured. Cells were incubated with CB (5 ng/ml) for 5 min prior to the addition of nucleotides (100 \M each) or solvent (control and UTP by about 40 % and 60 %, respectively ( differentiated HL-60 cells were treated with pertussis toxin (100 ng/ml) for 4h, i.e. under less effective conditions, the effects of fMet-Leu-Phe and UTP on p-glucuronidase release were reduced by about 80% and 50%, respectively, whereas exocytosis induced by ATP[yS] was not inhibited by the toxin treatment (data not shown). Finally, pertussis toxin did not affect basal and PMA-induced p-glucuronidase release (see Table 4 ). Figure 4 . In the absence of CB, PMA induced P-glucuronidase release in Bt2cAMP-differentiated HL-60 cells with an EC50 of 115 ng/ml and a maximum at 300 ng/ml. CB decreased the EC50 for PMA to 65 ng/ml but did not significantly enhance p-glucuronidase release by PMA at a maximal stimulatory concentration. PDD did not stimulate exocytosis in Bt2cAMP-differentiated HL-60 cells, and PMA did not induce P-glucuronidase release in undifferentiated HL-60 cells.
Concentration response functions for exocytosis by PMA and the inactive phorbol ester, PDD (16), in HL-60 cells are shown in
The interaction of ATP[yS], fMet-Leu-Phe, and PMA on exocytosis and 02~ formation in Bt2cAMP-differentiated HL-60 cells was studied ( Table   Table 4 . Effect of pertussis toxin on P-glucuronidase release in Bt2cAMP-differentiated HL-60 cells Bt2cAMP-differentiated HL-60 cells were treated with pertussis toxin (500 ng/ml) or its vehicle (control) for 24 h. Thereafter, cells were harvested and assayed for P-glucuronidase release. Cells were incubated for 5 min in the presence of CB (5 ug/ml) prior to the addition stimuli or solvent (control). Data shown are the means ± SEM of assay quadruplicates. Similar results were obtained with two different preparations of HL-60 cells. The effect of pertussis toxin on p-glucuronidase release was assessed statistically using the Wilcoxon test. a p < 0.05, b not significant. The effects of PMA, ATP[yS] and fMet-Leu-Phe or combinations of these stimuli on p-glucuronidase release and O2" formation were studied in the absence or presence of CB. Cells were incubated in the absence or presence of CB (5 Jig/ml) for 5 min prior to the addition of stimuli. The concentrations of stimuli were as follows. PMA, 300 ng/ml; ATP[yS], 100 jiM; fMet-Leu-Phe, 1 ^M. Data shown are the means ± SEM of seven experiments carried out with different preparations of HL-60 cells. The effectiveness of combinations of stimuli on p-glucuronidase release and O2" formation was assessed statistically using the Wilcoxon test. a p < 0.01, b not significant. 
5). In the absence of CB, ATP[yS] plus fMet-Leu
ATPfyS] was a less effective activator of O2 -formation than fMet-Leu-
Discussion
We studied the effects of extracellular nucleotides on Ca 2+ mobilization and exocytosis in HL-60 cells. The kinetics of exocytosis induced by fMetLeu-Phe and extracellular nucleotides are similar, and CB preferentially potentiates exocytosis induced by fMet-Leu-Phe and nucleotides at high concentrations (see Fig. 2 and 3) . These data indicate that nucleotides and fMet-Leu-Phe activate exocytosis through similar mechanisms. In addition, the stimulatory effects of nucleotides on exocytosis show a structure/ activity relationship which is similar to the one for activation of O2 formation in HL-60 cells (see Table 1 ) (22). Interestingly, the stimulatory effects of ATP[yS] and UTP on cytosolic Ca 2+ and exocytosis are less sensitive to inhibition by pertussis toxin than those of fMet-Leu-Phe (see Table 3 and 4). Partial or complete insensitivity to inhibition by pertussis toxin of adenine nucleotide-induced activation of phospholipase C> arachidonic acid release, exocytosis and O2 -formation in human myeloid cells has been repeatedly observed (12, 13, 22-24) , but partial pertussis toxin-insensitivity of the effects of pyrimidine nucleotides on cytosolic Ca 2+ and exocytosis has not yet been reported (see Table 3 Table 3 Table 1 ). The same holds true for the differential effects of pertussis toxin on purine-and pyrimidine nucleotide-induced exocytosis (see Table 4 and text in Results). Interestingly, UTP is about one order of magnitude more potent than ATP[yS] to increase cytosolic Ca 2+ in undifferentiated and Bt2cAMP-differentiated HL-60 cells (see Fig. 1 and Table  3 ). With respect to O2" formation in Bt2cAMP-differentiated HL-60 cells, both nucleotides are similarly potent (22) . Differences concerning the potency and/or effectiveness of purine and pyrimidine nucleotides to activate various cell functions were also observed in human neutrophils (6) . We did not analyze in detail the structure/activity relationship of purine and pyrimidine nucleotides with respect to Ca 2+ mobilization, but this may be an interesting task for future studies. Pyrimidine nucleotide-induced O2 -formation is more sensitive to inhibition by pertussis toxin than the one induced by purine nucleotides (22) . With respect to aggregation of human neutrophils, no dissociation between the effects of purine and pyrimidine nucleotides is apparent (6). The fact that the effects of purine and pyrimidine nucleotides on cytosolic Ca 2+ show no substantial differences in their pertussis toxin-sensitivity (see Table 3 ) does not necessarily argue against the existence of distinct purino-and pyrimidinoceptors. It is wellknown that the effects of a given agonist on different cell functions may show differential pertussis toxin-sensitivity (42, 43).
The failure of fMet-Leu-Phe to increase cytosolic Ca 2+ and to induce P-glucuronidase release in undifferentiated HL-60 cells (see Fig. 1 and 3) is readily explained by the fact that HL-60 cells express formyl peptide receptors only in the differentiated state (27) . However, undifferentiated and Bt2cAMP-differentiated HL-60 cells contain similar amounts of P-glucuronidase (see text in Results) and undifferentiated HL-60 cells express nucleotide receptors which functionally couple to phospholipase C via G-proteins resulting in an increase of cytosolic Ca 2+ (see Fig. 1) (23) . In addition, these cells possess substantial amounts of protein kinase C (44). Nonetheless, neither extracellular nucleotides nor PMA induce exocytosis in undifferentiated HL-60 cells (see Fig. 3 and 4) . These data suggest that components distinct from nucleotide receptors, G-proteins, phospholipase C, protein kinase C, the Ca 2+ -mobilizing system and P-glucuronidase are missing in undifferentiated HL-60 cells. Such a component may be the fusion protein, lipocortin III, which was recently purified from human neutrophil cytosol (45, 46). These components appear to be involved in activation of exocytosis by receptor agonists and phorbol esters and are expressed during myeloid differentiation. Interestingly, myeloid differentiation of HL-60 cells is associated with the expression of specific cytosolic activation factors for NADPH oxidase which are different from the abovementioned signal transduction components (47, 48). It should also be noted that purine and pyrimidine nucleotides are more effective than fMet-LeuPhe to increase cytosolic Ca 2+ in Bt2cAMP-differentiated HL-60 cells (see Fig. 1 and text in Results). In contrast, extracellular nucleotides are substantially less effective than fMet-Leu-Phe to induce exocytosis (see Fig. 2 and 3 and Tables 4 and 5 ), O2 -formation (see Table 5 ) and aggregation (see Fig.  5 ). These data suggest that an increase in cytosolic Ca 2+ per se is not a sufficient signal to activate the above cell functions. Dissociations between Ca 2+ mobilization and activation of O2 -formation have been repeatedly observed (1).
There are not only differences between the results of our present study and that of the one by COCKCROFT and STUTCHFIELD (12) concerning the effects of pertussis toxin on exocytosis (see Table 4 and text in Results), but also with regard to other parameters. In contrast to our results, STUTCHFiELD and COCKCROFT reported that ATP and UTP are similarly effective activators of P-glucuronidase in undifferentiated and Bt2cAMP-differentiated HL-60 cells (compare Fig. 2 . 12 and 49) . Furthermore, COCKCROFT and STUTCHFIELD (13) reported on a potentiating effect of PMA on fMet-Leu-Phe-and ATP-induced exocytosis in Bt2cAMP-differentiated HL-60 cells, whereas we did not find any effect of the phorbol ester on chemotactic peptide-and nucleotide-induced P-glucuronidase release (see Table 5 In conclusion, HL-60 cells may be a useful model system in addition to human neutrophils to study the effects of cytochalasins on exocytosis and the differentiation-dependency of P-glucuronidase release.
